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I.  INTRODUCTION 


x'  -y  ^ ^ 

The  first  two  excited  states  of  molecular  oxyger^  Og(a  Ag)  -  0.997  eV  and 
(o^(b^ Zg)  -  1.627  eV,  with  radiative  lifetime  of  65  min  and  12  sec,  respectively,  i 
are  interesting  candidates  for  electronic-to-vlbrational  (E-V)  energy  studies  ^ 
because  high  concentrations  can  be  conveniently  generated  by  chemical  means.l(Ref.  1)^) 
The  iodine-oxygen  chemical  laser^(RefT~2)l  is  evidence  for  the  possible  utility 
of  singlet  oxygen,  if  a  good  E-V  transfer  system  could  be  discovered.  Interest 
in  reactions  of  singlet  02  was  initially  aroused  in  this  laboratory  by  the  acci- 
dental  observation  of  infrared  emission  from  HF,  HC1  and  HBr  during  a  study^Ref.  3^ 
of  the  reaction  of  0  atoms  with  HI.v^This  vnterest  was  augmented  by  a  collaboration 
4*4*h~Professbr  Ttosenwaks ,  Be»v  Our  ion  University,  who  was  studying  the  02/I  system 
(Ref.  4)~arTtf  metaTatom  oxidatiofvby  sfnglet  oxygen  This  report  presents 


the  study  of  E-V  energy  transfer  from  O^a^Ag)  and  02(b*z^)to  hydrogen  halides 
and  HCN  at  the  state-to-state  level. singlet  oxygen  was  generated  by  either 
microwave  discharge  or  chemical  generator  methods  in  a  flow  reactor.  Since  02(b) 
is  always  present  because  of  the  blmolecular  energy  pooling  reaction  of  02(a), 
and  since  the  rate  of  02(b)  reactions  are  faster  than  those  of  02(a),  it  was  nec¬ 
essary  to  isolate  the  quenching  reactions  of  these  two  species  in  order  to  charac¬ 
terize  the  E-V  transfer  processes  at  the  state-to-state  level.  The  decay  of  both 
02(a)  and  02(b)  concentrations  were  monitored  simultaneously  with  the  growth  of 
the  infrared  emission  of  the  products.  The  infrared  emission  was  observed  with 


02(b1rg)  +  HX<X  *  F>  C1*  Br»  CN)  -  02(a]Ag)  *  HX^ 


02(X3Ig)  +  HX(v) 


(a) 

(b) 


02(a]Ag)  +  HX (X  -  F,  Cl,  Br,  CN)  -  02(X3rg)  +  HX(v) 


(1) 

(2) 


a  Fourier  transform  spectrometer  using  standard  techniques  developed  in  the  Kansas 
State  University  (KSU)  laboratory  (Refs.  3,6).  The  goal  of  measuring  rate  constants 
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and  product  distributions  was  achieved  for  reaction  (1).  However,  for  reaction 
(2),  only  the  HF  reaction  could  be  studied  at  the  state- to- state  level  because 
the  quenching  rates  were  so  slow.  In  addition  to  the  state- to- state  studies  of 
reactions  (1)  and  (2),  some  work  was  done  to  measure  the  total  quenching  rate  con¬ 
stants  for  OgCa)  and  02(b)  for  several  molecules  other  than  the  hydrogen  halides. 

The  quenching  rate  constants  for  OgU^Ag)  are  small,  and  electronic-to-vibrational 
energy  transfer  is  not  a  facile  process.  The  singlet  oxygen  source  in  this  experi¬ 
ment  was  usually  a  microwave  discharge,  although  a  chemical  generator  was  avail¬ 
able.  The  principal  problem  associated  with  use  of  a  chemical  generator  in  this 
work  was  the  large,  but  uncertain,  concentration  of  HgO,  which  has  large  rate  con¬ 
stants  for  vibrational  relaxation  of  the  product  states  from  (1)  and  (2).  After 
reviewing  some  of  the  more  relevant  published  work,  the  KSU  measurements  are 
described. 

Wayne's  review  article  (Ref.  7)  of  1969  summarized  microwave  discharge  gener¬ 
ation  and  the  detection  of  singlet  oxygen  for  studies  in  flow  reactors.  O'Brien 
and  Myers  (Ref.  8)  showed  that  relaxation  of  a  perturbed  02(b)  steady-state  could 
be  used  for  the  measurement  of  02(b)  quenching  rate  constants  In  a  flow  reactor. 
Becker  and  coworkers  (Ref.  9)  studied  the  quenching  rate  constants  for  both  02(b) 
and  02(a)  using  a  stainless- steel  sphere  (2.2  x  105  litres)  and  measuring  the 
decay  of  02(b)  and  Ogta)  concentrations  with  time  for  a  particular  concentration 
of  reagent.  The  most  comprehensive  study  of  E-V  transfer  is  that  of  Thomas  and 
Thrush  (Ref.  10),  who  measured  the  quenching  of  02(a)  and  02(b)  and  also  the  product 
Infrared  emission  from  a  10- 11  ter  Integrating  sphere.  The  spirit  of  that  work 
closely  resembles  our  own;  however,  the  degree  of  vibrational  relaxation  is  more 
easily  monitored  In  a  flow  reactor  than  In  an  integrating  sphere.  Ogryzlo  and 
Thrush^  observed  vibrational  excitation  of  HgO  and  COg  from  0^(b)  reactions. 
Madronich,  et  al.  (Ref.  11),  reported  E-V  energy  transfer  from  singlet  oxygen  to 


HF,  and  suggested  that  the  HF  emission  was  mainly  due  to  Og(a) >  rather  than  O^fb), 
because  of  the  existence  of  the  resonance  match  of  HF(v=2)  with  02(a)  and  because 
of  the  order  dependence  of  the  emission  intensity  on  [OgU)].  However,  the  work 
was  not  definitive.  Recently  Borrell  and  coworkers  (Ref.  1 2d)  have  measured 
quenching  rate  constants  for  Og(b)  and  0^(a)  for  several  small  molecules  In  a  flow 
reactor  at  room  temperature  as  part  of  a  comprehensive  program  (Ref.  12)  for  study¬ 
ing  the  temperature  dependence  of  the  quenching  of  02(b)  and  02(a).  Wayne  and  co¬ 
workers  (Ref.  13)  have  recently  shown  that  a  flow  reactor  can  be  used  for  study 
of  slow  reactions  and  reported  an  upper  limit  for  quenching  of  02(a)  by  COg. 

The  quenching  of  02(b)  also  can  be  studied  in  real  time  by  using  lasers  (Refs. 
14-16)  to  pump  molecules  from  02(X  ig)  to  02(b  £g),  photolysis  of  02  using  a  VUV 
Hg  laser  (Ref.  17)  (A<\.160  nm)  or  photolysis  of  0^.  The  last  two  methods  depend 
upon  excitation- transfer  from  0(^0)  to  0g(X)  to  give  Ogfb).  The  temperature  de¬ 
pendence  studies  for  the  rate  constant  of  02(b)  with  HBr  (Ref.  18)  and  HCl  (Ref.  17) 
are  of  direct  Interest  to  the  KSU  work.  The  E-V  transfer  from  02(b)  to  C02  recently 
has  been  observed  (Ref.  16)  in  real  time  by  monitoring  both  reactants  and  products. 

Generally  the  quenching  of  02(b)  and  especially  02(a)  by  closed  shell  molecules 

Is  slow  (Ref.  19).  In  contrast,  the  reactions  with  non-closed  shell  atoms,  even 

those  without  suitable  low  energy  acceptor  electronic  states,  is  appreciably  faster; 

thus,  the  quenching  (Refs.  20-22)  rate  constants  for  02(a)  by  0,  H,  N  are  In  the 

range  of  10“^cm3  moiec"1  s"1.  Of  course.  If  low  energy  electronic  states  are  avail 

able,  the  02(a)  and  02(b)  quenching  rate  constants  are  much  larger,  as  the  well- 

known  transfer  between  OgU)  and  atomic  Iodine  demonstrates  (Refs.  2c-e).  Another 

example  Is  the  reaction  of  02(a)  with  Pb  (Ref.  5),  which  gives  PbO*  and  Pb*. 

Winter,  et  al  (Ref.  23),  have  studies  the  emission  from  SeO,  SeS  and  Se2  from 
the  reaction  of  02  with  SeO,  SeS,  and  Se2*  and  McDermott  and  Bernard  (Ref.  24) 
observed  SeO(B3  1"-  X3z“)  emission  In  the  reaction  of  02(a)  with  selenium 


f  W  ^  I,1-  1  ■  w  itn'it’h  i*  ifcjkkt^iWI 


vapor.  The  excitation  mechanism  for  SeO(b)  was  thought  to  depend  on  rapid  excitation 
transfer  between  02(a)  and  Se. 

There  have  been  various  attempts  to  explain  E-V  transfer  (Ref.  19)  from  02(a) 
and  02(b).  Kear  and  Abraham  (Ref.  25)  used  a  short  range  interaction  model;  but 
their  rate  constants  are  generally  2-3  orders  of  magnitude  smaller  than  the  ex¬ 
perimental  values.  Braithwaite  et  al.  (Ref.  26)  developed  a  long-range  multipole 
interaction  model  and  calculated  the  quenching  constants  for  02(b)  and  02(a)  by 
diatomic  molecules.  Their  calculated  values  are  in  better  agreement  with  experi¬ 
mental  data  but  some  cases  still  differ  by  2-3  orders  of  magnitude.  Thomas  and 
Thrush  (Ref.  10c)  applied  a  statistical  theory  to  explain  their  reported  vibra¬ 
tional  product  distributions  and  concluded  that  20-25%  of  the  energy  released  goes 
to  translation  and  rotation  and  the  remainder  goes  to  vibration,  which  is  not 
especially  consistent  with  a  long-range  model.  However,  some  reservation  should 
be  retained  about  the  role  of  possible  product  vibration  relaxation  in  the  Thrush 
and  Thomas  work,  which  could  result  In  less  than  the  initial  vibrational  energy 
being  observed.  There  Is  still  need  for  reliable  state-to-state  data  for  the  E-V 
energy  transfer  reactions  of  02(b)  and  02(a)  in  order  to  test  existing  and  to 
develop  new  models. 


II.  EXPERIMENTAL  TECHNIQUES 


a.  FLOW  REACTORS 

The  experimental  apparatus  was  a  versatile  flow  reactor  pumped  with  a  Roots 
blower  and  a  mechanical  pump.  The  flow  speed  could  be  varied  from  ^100  m/s  to 
'v-l  m/s  by  turning  off  the  Roots  blower  and  throttling  the  flow  to  the  mechanical 
pump.  Three  different  flow  reactors  were  used  for  various  experiments  (Fig.  1). 

The  initial  product  distributions  measurements  for  reactions  (1)  and  (2)  were 
done  in  the  flow  reactor  of  40-mm  diameter  and  20-cm  length.  The  reactor  had 
two  mutually  perpendicular  windows  (quartz)  in  order  to  simultaneously  measure 
the  emission  from  OgU)  and  02(b);  a  third  window  (NaCl)  opposite  the  one  for 
02(b)  was  used  for  infrared  (IR)  emission.  The  reagents  were  added  to  the  flow 
reactor  close  to  the  IR  emission  monitoring  window  via  a  stainless  steel  circular 
ring  of  25-mm  diameter.  The  ring  was  1.5  cm  from  the  center  of  the  monitoring 
window,  which  corresponds  to  a  reaction  time  of  ^0.2  ms  at  the  best  pumping  speed 
(80  m/s"1  with  blower  operating)  and  1.5  ms  (10  m  s  with  blower  not  operating). 

The  pressure  In  the  reaction  zone  was  monitored  with  a  MKS  Baratron  pressure  trans¬ 
ducer  (0-10  torr).  For  some  experiments  the  flow  reactor  was  connected  to  a  70-mm 
inner  diameter  (i.d.)  prereactor  100  cm  long,  as  shown  in  I  of  Fig.  1. 

The  singlet  molecular  oxygen  was  produced  by  a  microwave  discharge  in  a  12-mm- 
i.d.  Pyrex  tube,  which  was  connected  either  to  the  prereactor  or  directly  to  the 
flow  reactor  Itself  as  In  Fig.  l(III).  The  0g  flow  was  passed  over  Hg  heated  to 
^50°C  Tests  showed  no  appreciable  0  atom  concentration  in  the  discharged  02 
flow  in  the  reaction  zone.  A  chemical  generator  for  singlet  oxygen  also  was  avail¬ 
able,  and  some  experiments  were  done  In  which  the  chemical  generator  replaced  the 
microwave  discharge  source.  The  design  for  our  chemical  generator  is  the  same 
as  that  given  In  Reference  5.  Experiments  with  the  chemical  generator  are  not 
discussed  in  this  report.  The  prereactor  configuration  was  Intended  for  study 
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a.  FT  Spectrometer  d.  microwave  discharge 

b.  O^a^)  detector  e*  Purops 

c.  O^E*)  detector  f.  reagent  inlets 

Flow  reactor  used  for  study  of  02(a^Ag)  +  HF  and  quenching  of 
02(b7Zg)  «  (I).  (The  cross-sectional  view  of  the  flow  tube,  showing 
the  arrangement  of  the  three  detectors--(II).  Flow  reactor  used  for 
the  E-V  measurements  with  02(b^Eg)  -  (III).  Flow  reactor  for  the 
quenching  rate  constant  measurement  of  02(a^g)  -  (IV).) 


of  the  product  distributions  from  02(a)  reactions;  the  [02(b)]  was  adjusted  by 
adding  C02  to  the  prereactor.  This  physical  arrangement  also  was  used  to  estimate 
the  quenching  rate  constants  of  Og(b)  from  perturbation  of  the  steady-state  [02(b)] 
concentration  by  the  introduction  of  reagent  to  the  40-mm  flow  reactor  (with  the 
inlet  tube  moved  further  upstream  than  for  the  product  studies).  For  study  of 
the  product  distribution  from  the  02(b)  reactions,  the  prereactor  was  removed  and 
the  singlet  02  flow  was  added  directly  to  the  40-mm-diameter  flow  reactor  in  order 
to  maximize  the  02(b)/02(a)  concentration  ratio.  The  arrangement  is  shown  in 
Figure  l-(III).  The  quenching  rate  constants  for  02(a)  were  measured  in  a  flow 
tube  140  cm  long  and  70  mm  in  diameter,  Figure  1 - ( I V) .  The  typical  pumping  speed 
for  the  02(a)  quenching  measurements  was  0.5  m/s;  the  reagent  was  added  as  close 
to  the  entrance  of  the  reactor  as  possible  so  that  a  long  contact  time  could  be 
achieved.  In  order  to  achieve  reliable  results  with  acidic  compounds  it  was  nec¬ 
essary  to  coat  the  walls  of  the  reactor  with  a  fluorocarbon  wax. 

b.  02(b7Eg)  DETECTOR 

The  fluorescence  signal  from  the  02(b  Eg  -  X  Eg)  transition  at  762.0  nm  is 
proportional  to  the  relative  concentration  of  02(b).  This  emission  was  collected 
from  the  flow  tube  and  focused  on  the  entrance  slit  of  a  Jarrell  Ash  0.5-m  mono¬ 
chromator.  A  cooled  RCA-C31034  photomultiplier  tube  was  attached  to  the  exit  slit 
of  the  monochromator  to  measure  the  fluorescence  signal.  The  signal  from  the 
PMT  was  monitored  with  a  picoammeter. 

c.  OgCa^g)  DETECTOR 

The  02(a  Ag)  concentration  was  measured  from  the  02(a  Ag  -  X  Eg)  emission 
intensity  using  an  Intrinsic  germanium  detector,  Applied  Detector  Corporation 
model  no.  403.  The  detector  was  cooled  to  liquid  nitrogen  temperature  one  hour 
before  operation.  A  biasing  voltage  of  -250  V  was  applied  from  a  stabilized  D.C. 
power  supply,  and  the  preamplifier  was  powered  by  ±12  V  from  dry  cell  batteries. 


A  8.6-nm  band-pass  filter  peak  transmission  at  1.27  urn  was  placed  between  the 
detector  and  flow  tube  window  and  the  emission  was  chopped  with  a  Princeton  Applied 
Research  (PAR)  chopper.  The  preamplified  signal  was  fed  to  a  PAR  HR-8  Lock-in- 
Amplifier  and  its  output  was  monitored  with  a  digital  voltmeter.  The  02(a)  detec¬ 
tor  and  flow  reactor  were  calibrated  for  absolute  02(a)  concentration  by  taking 
the  detector  and  flow  reactor  to  Aerospace  Corporation  and  doing  the  calibration 
with  known  [02a  Ag].  The  calibration  factor  was  7.0  ±  0.4  x  10  molec/cm  per 
mV  of  signal. 

d.  FOURIER  TRANSFORM  INFRARED  SPECTROMETER 

The  infrared  chemiluminescence  emission  intensity  from  the  products  of  reactions 
(1)  and  (2)  were  monitored  with  a  FT-IR  spectrometer  (Digilab).  The  IR  emission 
from  the  flow  reactor  was  collimated  with  appropriate  optics  before  it  entered 
the  Interferometer.  The  output  of  the  Interferometer  is  focused  on  an  InSb  de¬ 
tector  cooled  to  liquid  N2  temperature.  The  signal  from  the  detector  is  recorded 
and  processed  by  a  dedicated  computer.  The  operation  and  calibration  of  this 
FT-IR  spectrometer  has  been  described  elsewhere  (Refs.  3,6). 

e.  REAGENTS,  CARRIER  GASES  AND  FLOW  CALIBRATIONS 

The  Ar  and  0 2  flow  rates  were  monitored  with  calibrated  floating  ball-type 
flow  meters  and  controlled  with  stainless  steel  needle  valves.  The  Ar  and  02 
were  taken  from  tanks  of  standard  commercial  purity  and  purified  by  flowing  the 
gases  through  two  molecular  sieve-filled  traps  at  195°C  at  1  atm  pressure,  fol¬ 
lowed  by  a  molecular  sieve  trap  for  Ar  at  77  K,  and  a  glass-bead-filled  trap  at 
77  K  for  Og.  The  flowmeters  for  02  and  Ar  were  calibrated  for  a  particular  backing 
pressure,  which  was  subsequently  maintained  for  all  experiments.  The  flow  meters 
were  calibrated  for  a  range  of  gas  flows  by  monitoring  the  pressure  rise  in  a 
12.8-11ter  vessel  for  a  given  time  period  for  a  certain  flow  setting.  The  Increase 
of  pressure  with  .time  was  linear,  and  the  slope,  combined  with  the  gas  law,  generated 
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an  empirical  calibration  curve  for  each  flow  meter.  These  original  calibration 
curves  were  repeatedly  verified  by  simply  measuring  the  increase  of  pressure  in 
the  calibration  vessel  for  a  definite  time  for  a  given  flow  setting. 

Most  reagent  flow  rates  were  measured  for  each  experiment  by  monitoring  the 
increase  of  pressure  in  a  5-11ter  calibrated  volume  for  a  given  needle  valve  setting. 
Two  exceptions  to  this  were  HF  and  COg.  Since  large  quantities  of  these  reagents 
were  required,  these  gases  were  taken  directly  from  Matheson  tanks  and  each  line 
had  its  own  flow  monitor  system.  The  C02  flow  line  had  a  floating  ball-type  flow 
meter,  which  was  calibrated  in  the  same  way  as  described  for  the  02  and  Ar  flow 
meters.  The  HF  cylinder  was  cooled  to  0°  to  reduce  the  vapor  pressure  to  320  torr, 
so  that  the  flow  rate  was  in  the  desired  range  for  the  needle  valve  that  was  placed 
in  the  line.  The  HF  flow  rates  were  measured  by  observing  the  pressure  rise  in 
a  10.8-11ter  stainless  steel  reservoir  using  a  MKS  Baratron  pressure  transducer 
(0-10  torr).  The  HF  was  transferred  to  the  flow  reactor  using  entirely  stainless 
steel  lines  and  valves. 

Most  of  the  other  reagents  were  taken  from  Matheson  lecture  bottles.  Since 
either  high  concentrations  or  long  signal  averaging  periods  were  required,  large 
quantities  of  reagent  gases  were  needed.  Therefore,  extensive  purification  pro¬ 
cedures  were  not  practical,  except  for  freeze/ thaw- pump  cycles  to  remove  volatile 
Impurities.  Care  was  taken  to  remove  Br2  and  I2  impurity  from  HBr  and  HI.  The 
reagents  were  stored  as  gases  in  10- 11  ter  Pyrex  reservoirs  prior  to  experiments. 

Since  rate  constants  generally  are  small  for  all  small  stable  molecules,  minor 
impurities  should  be  of  no  consequence. 


III.  RESULTS 


a.  QUENCHING  RATE  CONSTANTS  FOR  02(b) 

We  used  the  flow  reactor  with  the  prereactor  geometry  of  Figure  1-(I)  to  mea- 

0 

sure  the  quenching  of  02(b).  The  roots  blower  was  not  used  for  these  experiments 
and  the  [02(a)]  was  3.0  x  10  molec  cm  s  .  Upon  reaching  the  reagent  inlet 
of  Figure  1-(I),  the  [02(b) ]  was  in  steady-state  with  [02(a ) ]  because  of  the  quench¬ 
ing  by  the  wall  and  by  HgO  Impurity.  The  reagents  were  added  5-10  cm  in  front  of 
the  observation  window  and  the  decline  in  [02(b)]  emission  intensity  was  monitored. 
The  distance  was  varied  and  the  longer  distance  was  used  for  reagents  with  the 
smaller  rate  constants.  The  decay  of  [02(b)]  followed  first-order  kinetics  for 
M>0%  decrease  in  [02(b) ]  for  most  reagents.  The  extent  of  first-order  decay  is 
governed  by  the  tendency  to  establish  a  new  steady-state  [02(b)].  First,  the  rate 
constants  were  measured  for  several  reagents  previously  studied  and  the  results 
were  In  moderately  good  agreement  with  the  published  rate  constants.  Therefore, 
the  measurements  were  extended  to  reagents  of  Interest  to  the  KSU  work.  The  results 
of  this  report  are  considered  as  preliminary  and  reliable  to  within  a  factor  of 
•\.2.  Soon  these  reactions  will  be  reinvestigated  using  a  movable  detector  technique 
to  Identify  any  concentration  dependent  wall  deactivation  rate  processes  and  to 
better  characterize  the  decay  before  the  development  of  the  new  steady-state. 

The  rate  constants  measured  in  the  present  work,  and  other  reported  values 
are  given  In  Table  1.  One  objective,  which  was  not  realized,  was  to  find  a  reagent 
that  had  a  large  rate  constant  for  quenching  02(b)  but  not  for  02(a).  Such  a 
reagent  would  permit  the  02(b)/02(a)  ratio  to  be  reduced  using  a  prereactor  so 
that  reaction  (2)  could  be  Isolated.  The  current  best  choice  for  such  a  reagent 
seems  to  be  C02*.  but  the  02(b)  quenching  is  still  slow  enough  so  that  rather  large 
quantities  of  C02  are  required  and  significant  vibrational  relaxation  of  product 
molecules  from  reaction  (2)  may  occur  for  some  reagents. 
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TABLE  1.  RATE  CONSTANTS  FOR  QUENCHING  OF  O^b1!*)  AT  300  K 


Reagent 

*Q 

10’14  cm3  MOL"1  s'1 

Reference 

HF 

110  ±  20 

This  work 

HC1 

4.0  ±  2.0 

This  work 

7.2  ±  0.17 

10a 

2.66  ±  0.38 

1 2d 

6.7  ±  3.5 

28 

13.0  ±  4.0 

16 

HBr 

20  ±  4 

This  work 

38 

19b 

HCN 

8.0  ±  2.0 

This  work 

COS 

2.3  ±  1.0 

This  work 

5.5  ±  3.5 

28 

CH3C1 

80  ±  40 

This  work 

H,S 

20  ±  10 

This  work 

c 

33 

27 

co9 

30  ±  10 

This  work 

c 

34.7  ±  4.7 

1 2d 

30 

9b 

50  ±  3 

17 

36 

25 

NH, 

130  ±  20 

This  work 

0 

117  ±  17 

1 2d 

180 

9b 

199  ±  50 

10a 

166  ±  20 

16 

220 

27 

h2 

45  ±  20 

This  work 

92  ±  43 

28 

40 

9b 

82.4  ±  10.3 

16 

H90 

500  ±  100 

9a 

c 

670  ±  50 

15 
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b.  STATE-TO- STATE  STUDIES  FOR  OgCb^g)  REACTIONS 

These  studies  were  done  without  the  prereactor,  and  the  singlet  oxygen  was 
added  directly  to  the  4.0-cm-dlameter  flow  reactor.  Figure  l-(III).  This  geometry 
maximized  the  02(b)/02(a)  concentration  ratio  and  ensured  that  the  contribution 
from  02(a)  quenching  to  the  observed  IR  emission  was  negligible.  The  pumping 
speed  was  adjusted  from  nearly  the  highest  possible  speed  (for  HF)  to  highly  throt¬ 
tled  conditions  of  the  blower  plus  mechanical  pump.  Relative  to  the  configuration 
with  the  prereactor,  the  02(b)/02(a)  ratio  was  Increased  by  a  factor  of  ^10  with 

the  absolute  [02(a)]  being  *v-  2  x  1015  molec  cm'3.  In  the  KSU  apparatus  [02(b)] 
was  generated  by  the  microwave  discharge,  as  well  as  by  energy  pooling,  and 

the  highest  [02(b)]  was  for  the  shortest  flow  time  from  the  discharge  to  the  ob¬ 
servation  point.  For  these  operating  conditions,  the  [02(b) ]  was  directly  propor¬ 
tional  to  the  02  flow  rate  and  to  the  discharge  power.  In  order  to  minimize  vibra¬ 
tional  relaxation,  the  02  (and  reagent)  flows  were  reduced  as  much  as  possible. 
Experiments  were  done  at  constant  pressure,  0.8  torr,  with  replacement  of  as  much 
02  with  A r  as  was  possible  and  still  observe  IR  emission. 

For  the  hydrogen  halide  series,  the  IR  emission  intensity  was  always  first- 
order  In  [02(b)]  and  [HX] ;  see  Figure  2.  Furthermore,  the  relative  product  concen¬ 
trations  (relative  Intensities  divided  by  Einstein  coefficients)  were  In  close 
agreement  with  relative  quenching  rate  constants  measured  in  the  preceding  section. 
This  suggests  that  formation  of  HX(v*0)  probably  Is  not  an  important  product  channel 
for  reaction  (1). 

1.  Reaction  with  HF 

Since  HF  has  the  largest  Einstein  coefficient  and  the  largest  quenching  rate 

constant,  the  HF  reaction  could  be  studied  at  the  lowest  concentration  and  shortest 

1 2 

contact  time  of  any  reagent.  For  a  contact  time  of  0.25  ms  and  for  [HF]  =10 
1013  molec  cm'3  and  [02]  ■  5  x  10^3  molec  cm"3,  emission  from  only  HF(v=l)  could 
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[HFJ  X 10  molecules  cm 


H  Cl  x05 


HBr  x0  05 


HCN  X01 


HF  XO-1 


[hx]  X1014  molecules  cm® 

Fig.  2.  Relative  HX(v)  concentration  from  02(b)  reactions  vs.  reagent  concen¬ 
tration:  [02]  *  1.1  x  1016,  COz(a1Ag)l  *  1.4  x  1015,  [Ar]  =  1.3  x  10 

_3 

molec  cm  and  At  ■  0.67  ms.  (The  factors  denote  the  reduction 
In  the  Iu¥  values  prior  to  making  the  plot.) 


be  observed.  Not  even  trace  amounts  of  HF(v=2)  emission  were  present.  Modeling 

studies  for  these  flow  conditions  (including  vibrational  relaxation  by  both  HF 

and  Og)  suggest  that  vibrational  relaxation  should  be  modest.  The  degree  of  re- 

o 

laxation  was  checked  by  adding  1^  to  the  system  to  generate  I(  P^)  atoms.  The 

I(  Pj)  reaction  with  HF  generated  an  observable  HF(2)  concentration.  Changing 

the  HF  and  02  concentrations  in  the  I2  system  over  the  same  range  as  used  to  study 
02(b)  and  HF  did  affect  the  HF(2)/HF(1)  ratio;  thus,  if  HF (2)  was  formed  from 
reaction  (3),  it  should  have  been  observed.  We  conclude  that  quenching  of  02(b) 
by  HF  generates  mainly  HF(1),  with  perhaps  lesser  amounts  of  HF(0),  and  that  the 
reaction  proceeds  as  follows. 

02(b]Zg)  +  HF  -*■  02(aY)  +  HF ( 1 )  aHS  3  -1280  cm'1 

-»•  +  HF (0 )  AHS  *  -5239  cm'1 

2.  Reaction  with  HCl 

The  smaller  rate  constant  and  Einstein  coefficient  for  HCl  relative  to  HF 

required  both  slower  pumping  speed  and  higher  HCl  concentrations  than  for  02(b) 

+  HF.  The  HCl  emission  could  be  studied  for  [Og]  5  1.1  x  1016  and  [HCl]  3  1013  - 
14  -1 

10  molec  cm  for  a  contact  time  of  0.67  ms  (Fig.  3).  The  emission  was  mainly 
from  HCl (1) ,  although  some  HCl (2)  could  be  observed;  the  HCl (1 )/HCl (2)  ratio  was 
9  and  appeared  to  be  Independent  of  [HCl]  over  the  1013  to  lO1^  molec  cm  3  range. 
Although  the  model  calculations,  which  Included  relaxation  by  HCl  and  02,  suggest 
that  some  HCl (2)  relaxation  may  have  occurred  under  these  conditions,  the  evidence 
strongly  favors  the  following  reactions  for  quenching  of  02(b),  with  reaction  4b 
being  dominant  at  300  K. 

02(b1Zg)  +  HCl  -*•  HCl (2)  +  O^a1^)  AH§  3  429  cm'1  (a) 

-►  HCl (1 )  +  02(a1Ag)  AH2  3  -2353  cm'1  (b) 

The  results  In  the  next  section  for  HBr  also  support  the  claim  that  if  relaxation 
had  been  extensive.  It  would  have  been  detected  as  a  variable  HC1(2)/HC1(1)  ratio 
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Fig.  3.  Emission  spectra  from  the  reactions  of  02(b12g)  for  [0,,]  a  1.1  x  1016, 
[02(^g)]  *  1.4  x  lo'5,  [Ar]  =  1.3  x  10^6  molec  cm-3  and  At  *  0.67 
ms  ([HC1],  [HBr]  and  [HCN]  a  2.0,  2.5  and  2.0  x  10^  molec  cm”3, 
respectively. ) 
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when  the  HC1  concentration  was  changed. 


3.  Reaction  with  HBr 

The  02(b)  quenching  rate  constant  by  HBr  is  ^1  x  lO"1^  cm^  molec"1  sec"1, 
which  Is  about  3  times  higher  than  for  HC1.  Since  the  Einstein  coefficient  for 
HBr  is  about  5  times  smaller  than  that  of  HC1,  the  HBr  spectra  from  the  HBr  reac¬ 
tion  had  about  the  same  intensity  as  that  from  HC1  (Fig.  3).  We  used  a  pumping 

speed  of  30  m/s  l.e.*  the  contact  time  was  0.67  ms,  the  [HBr]  was  0.4-2  x  1014 
-3  16  -3 

molec  cm"  for  [Og]  s  1.2  x  10  molec  cm  .  As  the  [HBr]  was  decreased  from 

■1  <■  *5 

2. 0-1.0  x  10  4  molec  cm"  ,  there  was  a  small  change  in  the  HBr(2)/HBr(l)  ratio; 

however,  further  reduction  of  [HBr]  gave  a  distinct  increase  in  HBr(2)/HBr(l) 

14  -3 

and  at  0.4  x  10  molec  cm  the  ratio  was  0.5.  Extrapolation  of  the  curve  in 

Fig.  4  to  zero  [HBr]  suggests  an  initial  HBr(2)/HBr(l)  ratio  of  <3.5. 

Since  some  relaxation  of  HBr(v*2)  may  still  exist  in  the  extrapolated  ratio 

of  Fig.  4  because  of  collisions  with  Og,  the  HBr(2)/HBr(l)  ratio  versus  [HBr] 

1 6  -3 

was  studied  at  different  [021.  For  the  higher  [Og],  1.9  x  10  molec  cm"  ,  and 
a  contact  time  of  0.67  ms, the  extrapolated  ratio  was  O.  The  product  distribution 


at  a  pumping  speed  of  50  m/s,  which  gives  a  reaction  time  of  0.4  ms  with  [Og] 
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8  x  10  molec  cm  also  was  studied.  The  spectra  were  somewhat  noisy,  but  the 
data  could  be  analyzed.  Extrapolation  to  zero  [HBr],  Fig.  4,  gave  a  ratio  of 
~4.  We  conclude  that  the  Initial  HBr(2)/HBr(l)  ratio  should  be  close  to  4  and 
that  02(a1&g)  must  be  the  final  Og  state  from  reaction  of  Og(b)  with  HBr. 


AH§ 


•210  cm’ 


Og(b1Eg)  +  HBr  -*•  HBr(2)  +  Ogfa1^) 

-►  HBr(l)  +  0z(i\g)  AH§  -  -2679  cm"1 


(5) 


4.  Reaction  with  HCN 

The  emission  spectrum  from  the  reaction  of  Og(b)  with  HCN  is  shown  In  Fig.  3. 

The  reaction  has  a  quenching  rate  constant  of  0.8  x  lO’1^  cm'1  molec"1  sec"1. 
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The  [HCN]  was  changed  from  2.3  to  14  x  10  molec  cm  for  a  contact  time  of 


-18- 


HBr(2)/HBr(i) 


4 


NOTE: 


1.3  x  1016  and  2.4  x  1015  for  At  *  0.67  ms.  The  vertical  arrows 
indicate  the  experimental  uncertainty  from  the  spectral  analysis. 


Fig.  4.  The  variation  of  the  HBr(2)/HBr(l)  ratio  vs.  [HBr)  from  the 
02(b)  reaction. 
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0.67  ms  and  [02]  *  1.1  x  10  molec  cm  .  For  all  conditions,  only  the  HCN(OOl-OOO) 
transition  was  observed.  There  is  sufficient  energy  to  excite  the  v.j  +  v2  levels; 
however,  careful  searches  failed  to  identify  HCN(021-020)  or  HCN(01 1-010)  emissions. 
Since  the  energy  match  between  2v2  and  (or  v-j)  is  not  close  for  HCN,  it  is  un¬ 
likely  that  relaxation  of  HCN(021)  or  HCN(01  1)  by  collisions  with  either  HCN  or 
02  would  have  been  complete  for  our  experimental  conditions.  The  bending  mode 
apparently  is  not  extensively  excited  in  quenching  of  02(b)  by  HCN.  Thus,  the 
main  reaction  should  be 

O^b1!*)  +  HCN  -  02(a1Ag)  +  HCN (001 )  aH§  =  -1927  cm"1  (6) 

5.  Reaction  with  NO 

The  NO  emission  could  be  observed  only  with  slow  pumping  speeds  and  high 
[NO].  For  a  pumping  speed  of  10  m/s,  which  corresponds  to  a  reaction  time  of 
2.0  ms  and  [NO]  =  1  lO1^  molec  cm"'1,  we  observed  mainly  N0(v=l)  with  a  trace 
of  N0(v=2).  For  these  experimental  conditions,  the  initial  N0(v)  distribution 
almost  certainly  was  relaxed  and  no  conclusion  can  be  made  about  the  initial  N0(v) 
product  states.  The  final  02  product  state  was  probably  02(a1Ag). 

6.  Reaction  with  COn 

-13  3  -1  -1 

Since  the  C02  rate  constant  is  large,  3  x  10  cm  molec  sec  ,  and  the 

Einstein  coefficient  is  favorable,  the  interferometer  was  purged  with  N2  in  order 

to  reduce  the  absorption  by  atmospheric  C02>  and  an  attempt  was  made  to  record 

the  C02  IR  emission.  Emission  from  C02(001-000)  could  be  observed  easily,  but, 

the  atmospheric  absorption  of  the  C02(001-000)  band  could  not  be  totally  removed. 

Thus,  the  spectrum  was  very  distorted  with  the  emission  from  the  C02  levels  with 

high  Boltzmann  populations  being  absorbed.  The  observed  C02(001 -000)  spectra 

13  16  18 

showed  Isotopic  lines  from  C  02  and  CO  0  emission,  and  strong  emission  from 
12  16 

high  J  lines  of  C  Og  .  The  lowest  pressure,  and  smallest  contact  time  corres- 
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ponded  to  a  reaction  time  of  0.67  ms  with  [C02]  *  3.6  x  10  molec  cm  and 
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[Og]  *  1.2x10  molec  cm"  s  .  For  this  condition,  emission  from  (^(OOl), 
only,  was  observed. 

As  for  HCN,  enough  energy  exists  to  produce  simultaneous  excitation  of  several 
other  levels  and  (^((Ml;  121;  201  and  002)  are  all  close  to  resonance.  However, 
no  emission  from  these  levels  could  be  observed.  Inspection  of  vibrational  relax¬ 
ation  data  for  002(021)  and  COgOOl)  by  COg  and  0^  suggests  that  the  relaxation 
times  would  be  <  1  ms  .  Thus,  relaxation  probably  is  serious,  and  002(021)  and 
COgOOl)  or  the  energy  resonant  levels  cannot  be  excluded  as  initial  product  states. 
The  002(002)  state  may  relax  very  rapidly.  Nevertheless,  if  only  the  energy  res- 
onent  levels  were  initial  products,  it  seems  that  some  emission  should  have  been 
observed  from  those  levels.  Since  this  was  not  the  case,  the  energy  may  be  dis¬ 
tributed  among  several  levels  which  relax  to  002(001). 
c.  RATE  CONSTANT  MEASUREMENTS  FOR  02(a1Ag) 

The  quenching  rate  constants  of  02(a)  are  very  small.  Therefore,  slow  flow 

rates  (long  contact  times)  and  high  reagent  concentrations  are  required  to  obtain 

appreciable  quenching  of  [OgU)].  A  7-cm-diameter  Pyrex  tube  was  used  with  Ar 

and  O2  concentrations  of  5  and  0.5  torr,  respectively,  with  typical  contact  times 

of  3.0  sec;  see  Figure  l-(IV).  Even  for  these  slow  flow  conditions,  [02(a)]  was 
15  3 

-v.3  x  10  molec  cm  ,  because  the  quenching  at  the  wall  for  02(a)  is  minimal. 

The  rate  constants  were  measured  for  pseudo  first-order  conditions  with  the  fixed 
observations  point  method.  Assuming  that  quenching  Is  fast  enough  to  be  observed 
for  reasonable  reagent  concentrations,  the  largest  source  of  error  in  this  method 
Is  the  possible  development  of  a  wall  deactivation  rate  constant  that  depends 
on  the  reagent  concentration,  i.e. ,  the  surface  may  be  activated  by  absorption 
of  reagent  molecules.  The  literature  mentions  such  problems  for  02(a)  quenching 
by  acidic  or  basic  reagent  molecules.  Several  sample  quenching  plots  are  shown 
in  Figure  5.  No  difficulties  were  encountered  for  such  cases  as  NO,  C^Hg,  CH^I 
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[q]  x  10  molecules  cm'* 
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(a)  HF(*)  with  [02]  and  [Ar]  =  2.9  x  1016  and  15.7  x  1016  molec  cm"3 

with  At  *  1.1  sec;  (b)  NO(O)  with  [Og]  and  [Ar]  *  2.9  x  1016  and 
1 6  -3 

13.0  x  10  molec  cm  for  At  =  5.2  sec;  and  (c)  CF3N0(*r)  with  [02] 
and  [Ar]  =  0.7  x  10^®  and  2.8  x  10^®  molec  cm”3  for  At  =  0.5  sec. 


Fig.  5. 


Quenching 


plots  for  02(a 
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TABLE  2:  QUENCHING  RATE  CONSTANTS*  FOR  (UaV)  at  300  K 

c  g 


Reagent 

kQ 

10"18cm3  molec^s"1 

Reference 

HF 

150  1  75 

This  work 

HC1 

4  t  4 

This  work 

130 

12d 

HBr 

8±4 

This  work 

HCN 

5  ±  2 

This  work 

ci2 

6  ±  3 

This  work 

NO 

50  ±  10 

This  work 

35 

12d 

45 

9a 

NH, 

10  1  2 

This  work 

3 

8.9 

4.4 

9b 

COS 

2.0  1  1.0 

This  work 

CO 

9  14 

This  work 

8.6 

10a 

CO, 

<0.5 

This  work 

2 

<0.01 

9a 

<0.36 

13 

HjS 

2  1  2 

This  work 

CH3C1 

5  1  5 

This  work 

CHjI 

40  1  20 

This  work 

CHjBr 

30  1  15 

This  work 

CFjBr 

<0.5 

This  work 

CF3I 

<0.5 

This  work 

CF3NO 

3.0  1  1  x  10* 

This  work 

¥2 

<<0.5 

This  work 

C4H6 

10  l  10 

This  work 

ci*-c4h8 

20  l  10 

This  work 

(CH3)3N 

3000  1  1000 

This  work 
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or  CFjNO.  However,  nonlinear  plots  were  found  for  HC1 ,  HBr,  and  HgS,  which  suggest 
the  development  of  fast  rates  for  wall  quenching.  No  difficulties  were  encountered 
for  HF,  which  is  the  most  interesting  molecule  for  E-V  transfer  studies  with  02(a). 
In  order  to  study  the  acidic  molecules,  it  was  necessary  to  coat  the  walls  of  the 
flow  reactor  with  fluorocarbon  wax.  After  this  treatment  good  first  order  plots 
were  obtained  for  the  acidic  molecules  and  there  were  no  changes  for  the  other 
reagents.  A  summary  of  rate  constants  is  given  in  Table  2.  The  quoted  error 
limits  include  estimates  of  systematic  error,  as  well  as  statistical  uncertainty. 

The  most  unusual  aspect  of  Table  2  is  the  very  large  quenching  rate  constant 
for  CFjNO.  This  was  checked  repeatedly  and  verified.  Since  CF^I  and  other  similar 
molecules  have  small  rate  constants,  the  quenching  mechanism  must  be  specific 
for  CFgNO.  One  possibility  is  E-E  transfer  rather  than  E-V  transfer.  This  possi¬ 
bility  was  confirmed  by  observing  an  increase  in  emission  intensity  with  the  in¬ 
trinsic  germanium  detector  (without  the  filter)  when  CFgNO  was  added  to  the  flow. 
Based  upon  the  relative  HF  and  HC1  emission  intensities,  the  smaller  HC1  quenching 
rate  constant  found  in  this  work  Is  preferred  over  that  of  Reference  1 2d.  Never¬ 
theless,  surface  interactions  may  render  both  measurements  somewhat  unreliable. 

In  general  the  small  quenching  rate  constants  for  HC1,  HBr  and  HCN  are  consistent 
with  the  absence  of  any  emission  from  quenching  of  02(a). 

D.  E-V  TRANSFER  FROM  0  (a1^)  TO  HF 

In  a  previous  section,  the  E-V  transfer  from  02(b)  to  HF  was  characterized 
by  using  an  experimental  arrangement  that  maximized  the  OgfbJ/OgU)  ratio.  Now 
we  wish  to  reverse  this  situation  and  minimize  02(b)/02(a)  but  still  have  a  high 
[02(a)].  This  was  done  by  placing  the  prereactor  In  front  of  the  IR  emission 
reactor  and  adding  variable  quantities  of  C02  to  reduce  the  steady-state  02(b) 
concentration.  The  objective  is  to  Isolate  reaction  (7)  in  the  presence  of  reac- 
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02(a1Ag)  +  HF  •+•  HF (2)  +  02(X3z")  aH§  =  -146  cm"1  a. 

-  HF(1)  +  02(X3Zg)  AHS  =  -3924  cm"1  b.  (7) 

-►  HF(O)  +  02(X3z")  AHg  =  -7882  cm"1  c. 

-12  -16  3  -1  1 

The  HF  quenching  rate  constants  are  1.1  x  10  and  1.5  x  10  cm  molec  $"A 

4 

for  02(b)  and  02(a),  respectively.  Thus,  the  02(a)/02(b)  ratio  must  be  ~1 0 

b  —  1 3  3  - 1 

to  observe  reaction  (8).  Adding  C02  does  remove  02(b),  k^Q  =  5  x  10  cm  molec" 
sec"1,  without  removing  02(a),  k^  £  5  x  lO"1^  cm3  molec"1  s  Although  one 
must  consider  the  deactivation  of  HF(2)  and  HF(1)  by  the  C02,  the  major  problem 
in  studying  reaction  (7)  is  the  self-relaxation  by  the  [HF]  required  to  generate 
observable  HF(v)  product. 

We  first  demonstrated  the  first-order  dependence  of  the  HF(l-O)  emission 
intensity  upon  [HF]  for  the  prereactor  geometry.  The  HF(2-1)  emission  intensity, 
although  observable,  was  too  weak  to  be  important  for  these  kinetic  studies. 

Some  typical  results  are  shown  in  Figure  6  for  both  high  (80  ms"1)  and  low 
(10  ms"1)  flow  velocities.  The  high  flow  velocity  is  required  to  reduce  HF(v) 
relaxation,  and  all  further  work  was  for  this  condition  which  has  a  0.2  ms  HF 
contact  time;  the  concentrations  were  02(a),  02(X)  and  Ar  *  3.5  x  1014,  4.2  x  1015 


1  .1 

and  3.1  x  10  molec  cm  ,  respectively.  In  the  next  experiments,  [HF],  [02(X)] 
and  [Ar]  were  fixed  at  3  x  1014,  8.2  x  1013  and  7.4  x  101®  molec  cm~^,  and  [02(b)] 
was  changed  by  adding  C02.  Data  were  collected  for  [02(a)]  =  4.5,  5.6,  6.7  and 
7.4  x  1014  molec  cm"3.  The  somewhat  lower  [02(a)]  In  this  work,  relative  to  values 
quoted  In  other  parts  of  this  report,  are  a  consequence  of  the  use  of  the  maximum 
flow  velocities.  The  linear  versus  relative  [02(b)]  plots  of  Figure  7a  were 
extrapolated  to  [02(b) ]  «  0  to  obtain  the  I^p  from  only  reaction  (7).  These  in¬ 
tercepts  are  plotted  In  Figure  7b  versus  [02(a)],  and  a  linear  relationship  Is 
obtained.  These  experiments  seem  to  demonstrate  that  both  02(b)  and  02(a)  reac- 


[HF]  X 1014  molecules  cm  ‘3 

NOTE:  (O)  Slow  pumping  speed  (At  *  1.2  msec)  for  [02]  *  2.0  x  1016,  [02(a) 
2.8  x  1015  and  [Ar]  *  1.0  x  10^®  molec  cm"3  {it)  High  pumping  speed 
(At  »  0.2  msec)  for  [Og]  -  4.7  x  1015  [02(a)]  «  3.5  x  1014,  [Ar]  * 
2.1  x  10^®  molec  cm"3. 


Fig.  6.  HF  emission  intensity  in  arbitrary  units  vs.  [HF]. 


NOTE:  All  data  are  for  an  HF  contact  time  of  0.2  msec.  The  02(b)  was  reduced 
by  addition  of  C02  to  the  prereactor.  The  C02  reaction  time  was  suffi¬ 
ciently  long  to  set  up  the  steady-state  between  02(a)  and  02(b)  and  the 

13  -3 

CO.  concentration  range  extended  to  7.0  x  10  molec  cm  . 


Figure  7a.  The  dependence  of  IHF  on  t02(b)]  for  various  [02(a)]. 
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tlons  are  contributing  to  the  HF(l-O)  emission  intensity  for  these  particular 
experimental  conditions.  The  approximate  02(a)  and  02(b)  concentrations  are 
evaluated  next  to  see  whether  or  not  the  conclusions  based  on  Figure  7  are 
consistent  with  the  HF  quenching  rate  constants. 


If  the  total  quenching  rate  constants  are  assigned  as  E-V  transfer,  then 
the  data  of  Figure  7  can  be  used  to  get  [02(b)]. 

*HF  »  kHF^°2^a^At  (8) 

!HF  kSF[02(b)]At 

The  Intercepts  from  Figure  7a  correspond  to  Ijjp,  and  the  total  intensity  (with 
no  added  C02)  less  the  Intercept  values  gives  I^p.  This  ratio  is  approximately 
unity  for  [02(a)]  *  6.7  x  10  *  molec  cm  .  Combining  these  results  and  the  rate 

n  o 

constants  of  Tables  1  and  2  give  [02(b)]  £  1.0  x  10  molec  cm  .  This  may  be 
compared  with  the  steady-state  prediction.  Equation  9. 


[02(b)] 


kEp[02(a)]2 
kH20^20J  +  kwall 


(9) 


The  02(b)  formation  rate  Is  given  by  the  slow  energy  pooling  reaction  and  the 

removal  rate  by  the  reaction  with  the  wall  and  with  the  water  (and  other)  Impurity. 

Our  flow  tube  design  Is  similar  to  that  of  Borrell,  et  al  (Ref.  12d),  and  their 

formulation  suggests  £  30  sec"^.  The  estimated  HgO  concentration  in  our  tank 

02  Is  300  p/m.  Since  these  HF  experiments  were  done  without  purification,  the 

[H20]  will  correspond  to  ^2  x  1012  molec  cm”3,  which  gives  [02(b)]£2.3  x  1011 
-3 

molec  cm  according  to  Equation  9.  Considering  the  large  uncertainties  In  the 
analysis,  the  agreement  between  the  two  estimates  of  [02(b)]  Is  acceptable. 

Further  confirmation  of  this  range  for  [02(b)]  was  obtained  from  the  effect  of 
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purifying  the  Og  flow.  The  addition  of  two  dry- ice-cooled  molecular  sieve  traps 
(at  high  pressure)  and  one  liquid  Ng  cooled  glass-bead-filled  to  the  low  pressure 
side  of  the  Og  line  increased  [02(b)]  by  ^3,  but  [02(a)]  increased  by  only  <J0%. 
This  confirms  that  for  the  HF  emission  experiments  kwan  and  ^^[HgO]  were  com¬ 
parable.  Similar  estimates  for  ^^[HgO]  +  kwan  were  obtained  by  noting  the 
[CO2]  required  in  the  prereactor  to  reduce  [02(b)]  by  a  factor  of  2. 

As  a  final  point,  one  needs  to  know  the  HF(v)  distribution  from  reaction 
(7).  The  deactivation  rate  constants  for  HF(2)  by  HF,  COg,  HgO  and  0^  are  reason¬ 
ably  well  known  (Ref.  29)  (and  the  values  are  1.9  x  10"^,  5.2  x  10~^2,  4.0  x  10"^ 
and  2.4  x  10"^  cm3  molec"^  sec”\  respectively).  The  critical  problem  is  the 
quenching  by  HF  which  mainly  proceeds  to  give  HF(1):  HF(2)  +  HF(0)  2HF(1). 

An  attempt  was  made  to  estimate  the  degree  of  HF  relaxation  by  doing  a  series  of 


experiments  with  variable  [HF]  and  monitoring  HF(2)/HF(1).  The  [02(a)],  [02(X)] 
and  [Ar]  were  5  x  1014,  4.7  x  1015  and  2.1  x  1016  molec  cm-3  and  the  contract 
time  was  0.2  msec.  An  HF  spectrum  for  [HF]  *  2  x  10  *  molec  cm*'5  is  shown  in 


Figure  8.  This  spectrum  corresponds  to  512  scans  at  4  cm"  resolution;  the  signal/ 
noise  ratio  Is  not  high  but  analysis  can  be  done  to  give  HF(2)/HF(1)  =  0.10  ± 

0.02.  This  ratio  was  constant  down  to  [HF]  £  0.6  x  10  H  molec  cm.  Experiments 
for  [HF]  from  0.6  -  0.3  x  10^  molec  cm"3  suggest  that  the  HF(2)/HF(1)  ratio  in¬ 
creases  to  '»X).2  at  the  lowest  concentration  for  which  reliable  spectra  could  be 
obtained.  For  [HF]  *  0.3  x  10  ^  molec  cm"  ,  the  relaxation  time  for  HF(2)  would 
be  ^2  msec  and  most  of  the  relaxation  should  have  been  arrested  since  our  obser¬ 
vation  time  was  M).2  msec.  Since  the  total  HF  emission  arises  from  roughly  equal 

contributions  of  02(a)  and  02(b),  and  since  02(b)  gives  exclusively  HF(1),  these 

* 

data  with  HF(2)/HF(1)  «  0.2  suggest  that  reaction  (7)  may  give  approximately 


equal  amounts  of  HF(2)  and  HF(1). 

This  tentative  conclusion  can  be  checked  by  examining  the  HF  emission  spectra 


as  COg  is  added  to  reduce  [Og(b)].  These  experiments  were  done  for  [Og(a)]  and 
[HF]  *  5.6  x  1014  and  1.5  x  10^4  molec  cm~^  and  a  contact  time  of  0.2  msec. 
Experiments  were  done  with  [COg]  *  7.7,  5.6,  14  and  25  x  10  molec  cm  ,  which 

reduced  [Og(b)]  by  factors  of  1.4,  1.8,  3.0  and  6.0.  The  reduction  in  the  HF(l-O) 

emission  intensity  was  similar  to  that  for  Figure  7a;  but,  the  HF(2)/HF(1)  ratio 
increased  only  slightly.  Although  this  [HF]  probably  did  cause  some  HF(2)  relax¬ 
ation,  these  results  still  suggest  that  reactions  (7a)  and  (7b)  are  of  comparable 

importance.  Full-scale  computer  model  calculations  support  this  general  conclu¬ 
sion,  assuming  equal  HF(v)  contributions  from  02(a)  and  02(b)  reactions  and  in¬ 
cluding  relaxation  by  HgO,  COg,  HF  and  0g. 
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V.  CONCLUSIONS 


Total  02(a)  and  02(b)  quenching  rate  constants  have  been  measured  for  the 
hydrogen  halides  and  HCN  using  a  flowing  afterglow  technique.  The  rate  constant 

4 

ratio  is  ^10  in  favor  of  02(b).  Since  the  OgfbJ/Ogfa)  concentration  ratio  for 


most  experimental  conditions  is  >10  ,  the  majority  of  the  IR  emission  observed 


from  hydrogen  halides  following  E-V  transfer  reactions  from  "singlet  oxygen"  comes 


from  the  reactions  of  Ogfb).  One  potential  problem  of  a  general  nature  in  E-V 
transfer  studies  with  02(a)  and  Ogfb)  can  be  kinetic  complication  because  of 
reversibility  and  presence  of  a  large  excess  of  OgU).  This  was  not  a  problem, 
however,  for  02(b)  because  the  product  state  is  02(a)  rather  than  02(X), 
or  for  Ogfa)  because  the  relaxation  of  the  vibrationally  excited  molecules  by 
the  parent  reagent  is  generally  faster  than  the  reverse  of  the  E-V  transfer  step 


with  02(X). 


In  the  present  work,  we  isolated  and  observed  the  E-V  transfer  reactions  of 


02(b)  with  HF,  HC1,  HBr  and  HCN  at  the  state-to-state  level.  Based  upon  the  ob¬ 
served  product  states,  we  conclude  that  the  quenching  of  02(b)  gives  02(a)  and 
not  (^(X)  in  each  case.  As  inferred  by  other  workers  (Ref.  19),  this  difference 
in  final  product  state  is  probably  the  main  reason  that  the  quenching  of  02(b) 
is  faster  than  02(a)  for  simple  E-V  physical  quenching.  These  state-to-state  data 
do  not  necessarily  support  an  energy  resonance  mechanism  for  E-V  quenching  of 


02(b).  In  fact,  the  reagent  (HF)  with  the  largest  rate  constant  has  an  energy 


defect  of  1280  cm  ,  and  a  b J  change  of  8  is  needed  to  obtain  near-energy  resonance 


at  300  K.  The  HBr  reaction  does  follow  a  near-energy  resonant  pathway  and  gives 


HBr(2)  as  the  main  product;  however,  kyR-  is  only  >v5  times  larger  than  k„rl , 


which  has  an  energy  defect  of  2360  cm.  Although  not  conclusive,  the  balance 


of  the  evidence  is  against  an  energy  resonance  pathway  for  HCN  quenching;  the 


HCN(OOI)  product  seems  more  important  than  HCN (01 1 )  or  HCN(021).  The  situation 


■  vv\j' •*, :  v 
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is  less  clear  for  quenching  by  C02.  Emission  was  observed  only  from  COg (001 ) ; 
however,  some  of  the  energy  resonant  states,  C02(201,  041,  121  and  002)  could 
have  been  formed  and  rapidly  deactivated.  The  00^(002)  level  is  a  prime  sus¬ 
pect  as  an  important  product  channel.  Mullar  and  Houston  (Ref.  16)  also  observed 
C02(001)  emission  in  a  time  resolved  study;  but,  the  initial  C02  vibrational 
distribution  was  not  ascertained.  Although  Thrush  and  Thomas  (Ref.  10)  observed 
emission  from  C02(021)  and  C02(101),  it  is  difficult  to  deduce  Initial  distri¬ 
butions  from  their  work.  It  does  seem  clear  that  C02  does  quench  02(b)  by 
an  E-V  mechanism  and  that  this  reaction  is  a  prime  case  for  further  state- to- 
state  studies.  Such  work  should  be  feasible  for  high  resolution  experiments 
in  which  atmospheric  C02  absorption  was  completely  removed,  since  all  of  these 
levels  could  be  monitored  via  the  Avj=1  transitions.  Attempts  were  made  to 
observe  product  IR  emission  from  quenching  of  02(b)  by  COS,  HgS  and  NH^;  however, 
the  small  Einstein  coefficients  for  the  transitions  with  the  range  of  our  InSb 
detector  prevented  the  detection  of  significant  IR  emission  signals. 

In  the  present  apparatus,  only  the  quenching  of  02(a)  by  HF  could  be  observed 
at  the  state- to-state  level.  Attempts  to  observe  the  reaction  of  02(a)  with 
HC1  by  adding  C02  to  the  prereactor  to  reduce  [02(b)]  gave  no  obvious  emission 
that  could  be  attributed  to  the  02(a)  reaction.  The  quenching  of  02(a)  by  HF 
does  appear  to  proceed  by  an  E-V  mechanism.  The  data,  which  are  not  completely 
free  of  vibrational  relaxation,  suggest  that  both  HF(1)  and  HF(2)  are  products. 
Future  work  to  Identify  product  states  from  E-V  transfer,  for  molecules  other 
than  HF,  will  require  one  to  two  orders  of  magnitude  of  increased  sensitivity 
for  observation  of  IR  emission,  so  that  the  reagent  concentrations  can  be  reduced 
to  avoid  the  problem  of  rapid  vibrational  relaxation  by  the  parent  reagent. 

An  alternative  approach  would  be  to  Increase  the  02(a)  concentration  with  sup¬ 
pression  of  both  the  02(b)  and  HgO  concentrations  by  use  of  chemical  generation 


m 


f 


& 

>5 

f'tj 


$ 

■vj> 

3 


",;-l 

■\v 

X‘- 


t* 


I 


C 


of  OgU).  However,  the  very  small  02(a)  quenching  rate  constants  by  most  simple 
molecules  make  state-to-state  studies  intrinsically  difficult. 

In  addition  to  the  state-to-state  quenching  studies  with  halogen  halides, 
quenching  rate  constants  for  OgU)  and  Qgfb)  by  numerous  other  small  molecules 
were  measured.  The  quenching  rate  constants  for  OgCa )  by  CF^NO  is  unusually 
large  and  an  E-E  mechanism  is  suspected. 
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